Abstract Results for energy levels, radiative rates and electron impact excitation (effective) collision strengths for transitions in Be-like Cl XIV, K XVI and Ge XXIX are reported. For the calculations of energy levels and radiative rates the General-purpose Relativistic Atomic Structure Package (grasp) is adopted, while for determining the collision strengths and subsequently the excitation rates, the Dirac Atomic R-matrix Code (darc) is used. Oscillator strengths, radiative rates and line strengths are listed for all E1, E2, M1 and M2 transitions among the lowest 98 levels of the n ≤ 4 configurations. Furthermore, lifetimes are provided for all levels and comparisons made with available theoretical and experimental results. Resonances in the collision strengths are resolved in a fine energy mesh and averaged over a Maxwellian velocity distribution to obtain the effective collision strengths. Results obtained are listed over a wide temperature range up to 10 7.8 K, depending on the ion.
Introduction
Coronal lines of Be-like ions are useful for plasma diagnostics. In particular, the intensity ratio of the 2s 2 lines is density sensitive [2] . While these lines are in the UV range, the magnetic dipole (2s2p) 3 P o 1 -3 P o 2 line of 17 ≤ Z ≤ 20 lies in the visible [3] . In particular, lines of K XVI have been detected in solar spectra from the SERTS (solar EUV rocket telescope and spectrograph) rocket [4] as well as Hinode satellite [5] . Apart from astrophysical applications, Be-like ions are of interest in the modelling of fusion plasmas [6] . Several lines of Cl XIV and K XVI have been measured in laboratory plasmas by Huang et al [7] . Similarly, the 2s 2 1 S 0 -2s2p 1 P
Energy levels
The 17 configurations of Be-like ions, namely (1s 2 ) 2 2 , 2 3 and 2 4 , generate 98 levels. These are listed in Tables 1-3 for Cl XIV, K XVI and Ge XXIX, respectively. Also included in these tables are our level energies calculated from grasp, without (GRASP1) and with (GRASP2) the contributions of the Breit and QED effects, as well as the values compiled by the NIST team [12] . However, NIST energies are restricted to the n ≤ 3 levels and even then are not available for all levels, particularly in the case of Ge XXIX. As expected, the contributions of Breit and QED effects are negligible (≤ 0.04 Ryd) for Cl XIV and K XVI, but are slightly significant (up to 0.2 Ryd) for the comparatively heavy ion Ge XXIX -see for example, the n = 4 levels in Table 3 . For a majority of levels, the energies have become lower with the inclusion of Breit and QED effects, but have increased for a few, particularly for 2s2p 3 P o 0 . Our energies obtained with the inclusion of the Breit and QED effects (GRASP2) are generally in good agreement (within 0.08 Ryd) with the NIST listings for most of the common levels. However, there are some exceptions. For example, for levels 5, 9 and 10 of Cl XIV, the NIST energies are lower by ∼ 0.1 Ryd and higher by the same amount for level 27 (2p3p 3 D 2 ). Similar differences are noted for the same levels of K XVI, as found earlier for Al X [10] and Ti XIX [11] . Since NIST energies are not available for a majority of levels, the comparisons shown in Tables 1-3 are not very helpful for assessing the accuracy of our calculations. Therefore, also listed in these tables are the theoretical energies of Gu [29] for the lowest 10 levels and Safronova et al [30] for the higher ones, obtained from relativistic many-body perturbation theory (MBPT). In general, agreement between the GRASP and MBPT energies is highly satisfactory (within 0.1 Ryd) for a majority of levels and for all three ions. However, the MBPT energies are (mostly) closer to the NIST listings, although differences between the two are up to 0.1 Ryd (see for example, level 27 of Cl XIV in Table 1 ), i.e. the discrepancies are the same as with the GRASP calculations. We discuss these further.
Unpublished results of C Froese Fischer (2009), based on MCHF (multi-configuration Hartree-Fock) calculations are also available for 35 and 24 levels of Cl XIV and K XVI, respectively, on the website http://nlte.nist.gov/MCHF/view.html. Therefore, in table 1 we have included her results for Cl XIV for comparison. These energies are closer to the NIST listings and discrepancies, if any, are within 0.01 Ryd. Similarly, there is a good agreement between the MCHF and MBPT energies, and this clearly indicates that there is scope for improvement in our calculated energies with the grasp code. This is further confirmed by the large-scale calculations of Cheng et al [31] , based on relativistic configuration-interaction (RCI) method, who included over 200,000 configurations to determine energies of the lowest 4 levels of Be-like ions with Z ≤ 92. As with the MBPT and MCHF calculations, their energies are in complete agreement, for all three ions under discussion here, with the experimental compilations of NIST. Finally, Jönsson et al [32] have demonstrated that the convergence in energy levels (and A-values), and a closer agreement with the experimental results, can be achieved for a range of ions, including Be-like, but with a very large expansion of configuration state functions (CSFs). For example, they included over 800,000 and 1,000,000 CSFs for the even and odd states of O IV to determine the n ≤ 3 energy levels within 0.25% of the measurements. However, it must be stressed that such large calculations, although desirable, are not practically possible (particularly with the computational resources available with us) for a large number of levels, and especially when measurements are not available to compare with and to make accuracy assessment. Furthermore, the main focus in our work is on collisional data (discussed in sections 5 and 6) and for which a large set of CSFs cannot be included.
Since the comparisons of energies discussed above are restricted to the n ≤ 3 levels and no prior results are available for the n = 4 levels, we have performed parallel calculations with the Flexible Atomic Code (fac) of Gu [33] , available from the website http://sprg.ssl.berkeley.edu/~mfgu/fac/. fac, like grasp, is also a fully relativistic code which provides a variety of atomic parameters, including energy levels. As shown in some of our earlier papers (see for example, [11] and [34] ), results for energy levels and radiative rates obtained from fac are comparable to those from grasp. Hence calculations from fac are helpful in assessing the accuracy of our energy levels, as well as radiative rates (which will be discussed in the next section). Therefore, listed in Tables 1-3 are results obtained from the fac code (FAC1), which include the same CI (configuration interaction) as in the grasp calculations.
Our FAC1 level energies agree with our GRASP2 data within 0.05 Ryd for all levels and all ions. More importantly, the orderings are also the same. For some ions, a larger expansion of CI improves the accuracy of energy levels. To test this we have performed yet another calculation (FAC2), which includes a further 68 levels of the 2 5 configurations. The FAC2 results are also included in Tables 1-3 , but differences with the n = 4 calculations (FAC1) are negligible and the orderings of the levels are also the same. However, this (FAC2) expansion is insignificant in comparison to the large calculations [31] - [32] discussed above. Nevertheless, based on the comparisons discussed above we are confident that our energy levels listed in Tables 1-3 for Cl XIV, K XVI and Ge XXIX are accurate to better than 0.1 Ryd, or equivalently ∼ 2%. The accuracy of energy levels can be improved with the inclusions of core-valence and core-core correlations, apart from the valence-valence interactions included in our work. Similarly, orbitals of higher n will be helpful in improving the accuracy. Finally, we may state that all sets of energies, experimental and theoretical, agree within 0.1 Ryd and there is no discrepancy in their orderings, but scope remains for improving the accuracy of energy levels listed in tables 1-3.
Radiative rates
We have calculated A-values for four types of transition among the 98 levels, namely electric dipole (E1), electric quadrupole (E2), magnetic dipole (M1) and magnetic quadrupole (M2). Generally, A-values for E1 transitions dominate and hence are the most important. However, occasionally other types of transitions are also significant, such as (2s2p
, as mentioned in section 1. Therefore, for a complete plasma model, the inclusion of A-values for all types of transitions is generally preferable. In Tables 4-6 we list transition energies/wavelengths (λ, inÅ), radiative rates (A ji , in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in a.u.), in length form only, for all 1468 electric dipole (E1) transitions among the 98 levels of Cl XIV, K XVI and Ge XXIX. The indices used to represent the lower and upper levels of a transition have already been defined in Tables 1-3 . Similarly, there are 1754 electric quadrupole (E2), 1424 magnetic dipole (M1) and 1792 magnetic quadrupole (M2) transitions among the 98 levels. However, for these transitions only the A-values are listed in these tables, because the corresponding results for f-or Svalues can be easily obtained using Eqs.
(1-5) of [11] . Furthermore, the absorption oscillator strength (f ij ) and radiative rate A ji (in s −1 ) for all types of transitions are related by the following expression:
where m and e are the electron mass and charge, respectively, c is the velocity of light, λ ji is the transition energy/wavelength inÅ, and ω i and ω j are the statistical weights of the lower (i) and upper (j) levels, respectively. Very limited data are available in the literature with which to compare our A-or f-values. Cheng et al [31] have reported A-values for 3 transitions of Be-like ions, namely 1-3 E1, 1-4 M2 and 1-5 E1, and their results agree within 10% with our calculations for all three ions. However, as for energy levels, unpublished results of C Froese Fischer (2009) are available on the website http://nlte.nist.gov/MCHF/view.html for 175 E1 transitions among the n ≤ 3 levels of Cl XIV and K XVI. These calculations are based on her multiconfiguration Hartree-Fock (MCHF) theory. Therefore, in Table 7 we compare our f-values with her data for both ions, but only for transitions from the lowest 5 levels. Also included in this table are the ratio (R) of the velocity and length forms (i.e. the Coulomb and Babushkin gauges in the relativistic terminology), because they give an indication of the accuracy of the calculations. As for the energy levels, agreement between the two sets of f-values is highly satisfactory and the discrepancies, if any, are under 20% for most transitions. There are slightly larger discrepancies (up to 50%) for some weak transitions, such as 3-12 (f ∼ 10 −6 ) of Cl XIV.
Similarly, for most transitions with significant f-values (> 0.01) R is within 20% of unity, although for a few weaker transitions (such as 5-6, f ∼ 10 −5 ) the two forms of f-value differ considerably. Weak(er) transitions are very sensitive to different levels of CI (and methods), because of the cancellation or addition of the mixing coefficients. Such large discrepancies are therefore common for almost all ions, with examples in both Al X [10] and Ti XIX [11] . The comparison of f-values discussed above is only for about 12% of the transitions, because of a paucity of other similar results. Therefore, as for energy levels, we have performed another calculation with the fac code of Gu [33] . For all three ions the f-values from grasp and fac agree to within 20% for all strong transitions, as was also noted for other Be-like ions, see for example Table 3 for Al X [10] and Ti XIX [11] . Similarly, the effect of additional CI with the n = 5 configurations (166 levels in total) is negligible for most transitions of all ions. Therefore, based on the comparisons discussed above, and earlier ones for other Be-like ions, we may confidently state that the accuracy of our radiative data listed in Tables 4-6 is better than 20% for a majority of the (strong) transitions.
As for the E1 transitions, very limited data are available for comparison for other types of transition. In Table 8 we compare A-values for Cl XIV and K XVI for one M2 (1-4) and 11 M1 transitions with the MBPT calculations of Safronova [35] and Safronova et al [17] . Considering that most such transitions are very weak (f ∼ 10 −6 or less), the agreement between the two sets of calculations is highly satisfactory, i.e. normally within 20%. Only for two transitions (7-9 and 8-9) are the discrepancies for both ions ∼50%. Overall, our listed Avalues in Tables 4-6 for all types of transition are estimated to be accurate and reliable.
Lifetimes
The lifetime τ for a level j is defined as follows:
Since several measurements for a few levels of Cl XIV and K XVI are available in the literature, in Tables  1-3 we have also listed our calculated lifetimes. Contributions from all four types of transitions, i.e. E1, E2, M1 and M2 are included for greater accuracy. In Table 9 we compare our calculated τ with measurements for the lowest 10 levels of Cl XIV. For all levels there are no discrepancies between theory and experiment, which confirms, yet again, the accuracy of our calculated A-values. Also included in this 
Collision strengths
The collision strength (Ω) and collision cross section (σ ij , πa 2 0 ) are related by the following:
where k 2 i is the incident energy of the electron and ω i is the statistical weight of the initial state. Results for collisional data are presented here in the form of Ω as it is a symmetric and dimensionless quantity.
The Dirac atomic R-matrix code (darc), employed for the computation of collision strengths Ω, includes the relativistic effects in a systematic way, in both the target description and the scattering model. It is based on the jj coupling scheme, and uses the Dirac-Coulomb Hamiltonian in the R-matrix approach. The R-matrix radii adopted for Cl XIV, K XVI and Ge XXIX are 4.80, 4.40 and 2.40 au, respectively. For the expansion of the wavefunction, 55 continuum orbitals have been included for each channel angular momentum, which allow us to compute Ω up to energies of 660, 780 and 2500 Ryd for Cl XIV, K XVI and Ge XXIX, respectively. These energy ranges are sufficient to calculate values of effective collision strength Υ (see section 6) up to T e = 7.8 K, well in excess of the temperature of maximum abundance in ionisation equilibrium for the ions under consideration [37] . The maximum number of channels for a partial wave is 428, and the corresponding size of the Hamiltonian matrix is 23 579. To obtain convergence of Ω, we have included all partial waves with angular momentum J ≤ 40.5. This wide range of partial waves is sufficient for convergence of Ω for most transitions (particularly forbidden and inter-combination) and energies -see Figs. 1-3 of [11] . Furthermore, to account for higher neglected partial waves, we have included a top-up, based on the Coulomb-Bethe approximation [38] for allowed transitions and geometric series for others.
In Tables 10-12 we list our values of Ω for resonance transitions of Cl XIV, K XVI and Ge XXIX at energies above thresholds. The indices used to represent the levels of a transition have already been defined in Tables 1-3 . Unfortunately, no similar data are available for comparison as already noted in section 1. As for energy levels and A-values, data for Ω can also be calculated with the fac code. However, these data are not very useful for comparisons because there are often anomalies in the calculated Ω, as may be seen in Fig.  6 of [39] - [40] . Nevertheless, the qualitative agreement for most transitions in all three ions is similar to that already discussed for Al X [10] and Ti XIX [11] .
Effective collision strengths
Excitation rates, as well as energy levels and A-values, are required for plasma modelling, and are determined from the collision strengths (Ω). Since the threshold energy region is dominated by numerous closed-channel (Feshbach) resonances, as shown in Figs. 6-11 of [11] , values of Ω need to be calculated in a fine energy mesh so that their contribution can be included, which is often significant (if not dominant) particularly for forbidden and inter-combination transitions. Furthermore, for most (astrophysical and fusion) plasmas electrons have a wide distribution of velocities, and therefore values of Ω are averaged over a Maxwellian distribution as follows:
where k is Boltzmann's constant, T e electron temperature in K, and E j the electron energy with respect to the final (excited) state. Once the value of Υ is known the corresponding results for the excitation q(i,j) and de-excitation q(j,i) rates can be easily obtained from the following equations:
and
where ω i and ω j are the statistical weights of the initial (i) and final (j) states, respectively, and E ij is the transition energy. Values of Ω need to be determined over a wide energy range (above thresholds) to obtain convergence of the integral in Eq. (4), as clearly demonstrated in Fig. 7 of Aggarwal and Keenan [41] .
To resolve resonances, we have performed our calculations of Ω at over ∼ 90 660 energies in the thresholds region, depending on the ion. Close to thresholds the energy mesh is 0.001 Ryd and is 0.002 Ryd elsewhere, particularly when the energy gap between two thresholds is rather wide -see for example levels 10 and 11 in Tables 1-3 . Hence care has been taken to include as many resonances as possible, and with as fine a resolution as computationally feasible. The density and importance of resonances can be appreciated from Figs. 6-11 of [11] . For the present ions we observe similar resonances, but for brevity we show these in Figs. 1a-3a for only three transitions of Ge XXIX, namely 1-2 (2s
). Because of the large vertical scales of the figures the importance of the resonances appears to be insignificant, except for the 1-4 transition. Therefore, to appreciate their importance we make similar plots in Figs. 1b-3b, but with limited vertical scales. Although Ge XXIX is comparatively a heavy ion, resonances are as dense, for all three transitions and many more, over the entire thresholds energy range as for lighter ions, and therefore make a significant contribution to Υ over a wide range of temperature.
Our calculated values of Υ are listed in Tables 13-15 over a wide temperature range up to 10 7.8 K, suitable for applications to a variety of plasmas. As stated in section 1, the only available data for comparison are those of [26] , which are obtained from the interpolation of R-matrix calculations for Ne VII, Si XI and Ca XVII. Therefore, in Tables 16 and 17 we compare our values of Υ with those of [26] for transitions among the lowest 10 levels, and at three temperatures of Cl XIV (log T e = 6.3, 6.5 and 6.7 K) and K XVI (log T e = 6.5, 6.7 and 6.9 K). Also included for easy guidance in these tables are the ratio of our and the Υ values of [26] at all three temperatures. As expected, agreement between the two sets of results for (most) allowed transitions is highly satisfactory for both ions -see for example, 1-5, 2-7 and 3-6 in Tables 16-17 . However, for forbidden transitions, such as 1-6/7/8 (2s 2 1 S 0 -2p 2 3 P 0,1,2 ) and 2-8/9/10 (2s2p 
Conclusions
In this paper we have presented results for energy levels and radiative rates for four types of transitions (E1, E2, M1 and M2) among the lowest 98 levels of the n ≤ 4 configurations for three Be-like ions, namely Cl XIV, K XVI and Ge XXIX. These ions are of interest for both astrophysical and fusion plasmas. Additionally, lifetimes of all the calculated levels have been reported, and these compare well with measurements. Therefore, based on this and a variety of other comparisons among various calculations, including analogous ones with the fac code, our GRASP results for radiative rates, oscillator strengths, line strengths and lifetimes are assessed to be accurate to better than 20% for a majority of the strong transitions (levels). Similar comparisons for collision strengths are not possible due to a paucity of data in the literature. However, based on our experience with similar calculations for other Be-like ions, namely Al X [10] and Ti XIX [11] , the accuracy of our values of Ωs is ∼20% for most transitions. For calculations of effective collision strength (Υ), resonances in the thresholds energy region are resolved in a fine energy mesh and are noted to be dominant for many transitions. Their contribution to the calculation of Υ is hence significant for all three ions of present interest. Furthermore, we have considered a large range of partial waves to achieve convergence of Ω at most energies and have adopted a wide energy range to calculate values of Υ up to T e = 10 7.8 K. Therefore, we estimate the accuracy of our results for Υ to be better than 20% for most transitions. Earlier available interpolated results for Cl XIV and K XVI are found to be underestimated by up to a factor of four, particularly for the forbidden transitions.
We believe the present set of complete results for radiative and excitation rates for transitions in CL XIV, K XVI and Ge XXIX will be useful for the modelling of a variety of plasmas, including astrophysical and fusion. 
